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Ascidians release sperm and eggs simultaneously, but self-fertilization is effectively blocked by unknown mechanisms. We previously
reported that a 70-kDa sperm receptor HrVC70 on the egg vitelline coat (VC) consisting of 12 EGF-like repeats is a candidate self/nonself
recognition molecule during fertilization of the ascidian, Halocynthia roretzi. Here, we report that Halocynthia aurantium also utilizes a
homolog (HaVC80) of HrVC70 as an allorecognizable sperm receptor. HaVC80 is attached to the VC during the acquisition of self-sterility
and is detached from the VC by acid treatment, allowing self-fertilization. A cDNA clone of the HaVC80 precursor, HaVC130, consists of
3726 nucleotides and encodes an open reading frame of 1208 amino acids. The structure of HaVC130 is very similar to the HrVC70
precursor HrVC120, but the number of EGF-like repeats of HaVC130/VC80 is one repeat larger than that of HrVC120/VC70. There are
several amino acid substitutions between different individuals, and two alleles of the HaVC80 sequence were detected in each individual.
Genomic DNA sequence analysis reveals that each EGF-like domain corresponds to a specific exon, and HaVC130 may have been
evolutionarily generated from HrVC120 by duplication of the 8th EGF-like repeat. The data support the hypothesis that HaVC80 is a highly
polymorphic protein responsible for self-sterility in H. aurantium.
D 2005 Elsevier Inc. All rights reserved.Keywords: Fertilization; Sperm; Egg; Self–nonself; Allorecognition; AscidianIntroduction
Ascidians (Tunicata) occupy a phylogenetic position
between vertebrates and invertebrates. These animals are
generally hermaphrodites, which release sperm and eggs
simultaneously during spawning. Many ascidians are self-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.08.004
Abbreviations: EGF, epidermal growth factor; VC, vitelline coat; FSW,
filtered seawater containing 20 mM Tris/HCI (pH 8.0); ZP, zona pellucida.
i The nucleotide sequences of cDNA and genomic DNA of HaVC130
have been submitted to the DDBJ/GenBank/EBI Data Bank with accession
numbers AB188531 and AB206821, respectively.
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E-mail address: hsawada@bio.nagoya-u.ac.jp (H. Sawada).sterile because of the occurrence of a self-incompatibility
system or an allorecognition system operating during
sperm–egg interaction (for Ciona intestinalis, see Morgan,
1923, 1938, 1939; Rosati and De Santis, 1978; Kawamura
et al., 1987; Byrd and Lambert, 2000, and for Halocynthia
roretzi, see Fuke, 1983). Although several candidate
molecules involved in self-incompatibility have been
proposed (Marino et al., 1998; Kawamura et al., 1991),
the molecular mechanisms remain unclear. Immunoglobu-
lins and a major histocompatibility complex system (MHC)
are known to be responsible for allorecognition in jawed
vertebrates (Kasahara, 2000), but this family of proteins is
not well known for more primitive animals. Also, the draft
genome sequence of C. intestinalis shows that there are no
MHC or immunoglobulin genes in this animal (Dehal et al.,
2002).86 (2005) 440 – 451
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intestinalis (Morgan, 1923, 1938, 1939) or H. roretzi
(Fuke and Numakunai, 1996, 1999) are self-sterile and that
these eggs become self-fertile by treatment with acidic
seawater (pH 2–3) or proteases (Morgan, 1923, 1938,
1939; Fuke and Numakunai, 1996, 1999; Byrd and
Lambert, 2000). In H. roretzi, self-fertile immature oocytes
become self-sterile during oocyte maturation, a process
that is blocked by trypsin inhibitors but not by protein
biosynthesis inhibitors (Fuke and Numakunai, 1996, 1999).
From these results, it was deduced that an egg- or follicle
cell-derived protein with allorecognition activity may be
produced by the processing of a precursor protein by a
trypsin-like protease, which results in the attachment of an
active protein to the vitelline coat during oocyte matura-
tion. Furthermore, this molecule may be detached from the
vitelline coat by weak acid. To test this possibility, we
compared the components of the vitelline coats from
immature oocytes with those from mature oocytes of H.
roretzi. We then discovered that the amount of a 70-kDa
vitelline-coat protein HrVC70 on the vitelline coat (which
was identified as a sperm receptor consisting of 12 EGF-
like repeats; Sawada et al., 2002), markedly increased
during oocyte maturation. We also noticed that this
molecule was easily detached from the vitelline coat only
under the acidic conditions. In addition, we also showed
that this molecule is a highly polymorphic protein, capable
of discriminating self and nonself sperm (Sawada et al.,
2004). From these results, we proposed that HrVC70 is a
candidate allorecognition molecule in the fertilization of
H. roretzi.
We next addressed the question of whether other
ascidians of the same genus utilize a homolog of HrVC70
as an allorecognition molecule during fertilization. In this
context, we selected Halocynthia aurantium, which inhabits
Nemuro Strait, Hokkaido, Japan. In the present study, we
explore a homolog (HaVC80) of HrVC70 from the vitelline
coat of H. aurantium, and compared the sequence and
polymorphisms of HaVC80 with those of HrVC70. In
addition, we isolated a genomic DNA clone of the HaVC80
precursor HaVC130 from a genomic DNA library of H.
aurantium in order to compare the genomic DNA sequence
of HaVC130 with that of HrVC120.Materials and methods
Animals and collection of gametes
The solitary ascidians H. aurantium and H. roretzi type
C (Numakunai and Hoshino, 1980) were used in this study.
H. aurantium collected in October in Nemuro Strait was
obtained from fishermen. Spawning was induced by
controlling the seawater temperature and light conditions
as described previously (Hoshi et al., 1981; Sawada et al.,
1982). Sperm and eggs were collected from a pair of gonadsaccording to our previously described procedure (Hoshi et
al., 1981; Sawada et al., 1982), and used for fertilization
experiments or stored at 20-C.
Fertilization assay
Collected eggs were washed three times with filtered
seawater containing 20 mM Tris/HCI (pH 8.0) (FSW). A
portion of the egg (100–200 eggs) and sperm (50 Al)
suspensions were mixed in filtered seawater (1.45 ml) in
a 24-well flat-bottomed multidish. After gentle agitation,
fertilized eggs were incubated at 13-C and examined at
2 h after insemination by light microscopy for first
cleavage. To score the percent fertilization, the number of
fertilized eggs was counted as described previously
(Hoshi et al., 1981; Sawada et al., 1982).
Treatment of eggs with acid
Eggs were washed three times with 20 volumes of FSW
and then suspended in 20 volumes of acidic filtered
seawater (pH 2.0) adjusted by HCl, followed by gentle
agitation for 20 s. After acid treatment, eggs were
centrifuged 15 s using a hand-centrifuge and washed with
20 volumes of filtered seawater. The total acid-treatment
time was to 60 s.
Isolation procedure and protein sequence analysis of
HaVC80
H. aurantium eggs were homogenized with a Teflon
homogenizer in 20% artificial seawater containing 10 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, and 0.1 mM
leupeptin to prevent proteolysis. The homogenate was
filtered through a nylon mesh (pore size 50 Am) and the
vitelline coats held by the mesh were washed extensively
with 20% artificial seawater to remove the cell debris
derived from oocytes, follicle cells, and test cells, as
described previously (Kodama et al., 2001). Isolated vitel-
line coats were settled and washed with 20 mM Tris/HCl
(pH 8.0) three times, and then subjected to SDS-PAGE
(Laemmli, 1970) in a slab gel (7.5%) followed by blotting to
a PVDF membrane (Towbin et al., 1979). The membrane
was stained with 0.1% Coomassie Brilliant Blue R-250 in
7.5% acetic acid and 50% methanol. After washing the
membrane with 50% methanol, the band of HaVC80 was
excised with a razor destained with methanol, and subjected
to protein sequence analysis using a Procise 492 Protein
Sequencer (Applied Biosystems).
Preparation of H. aurantium gonad cDNA library and
cloning of HaVC130
Total RNA was extracted from H. aurantium gonads by
using TRIzol reagent (GIBCO BRL) according to the
manufacturer’s protocol. Poly(A)+ RNA was isolated from
S. Ban et al. / Developmental Biology 286 (2005) 440–451442total RNA by using Oligotex-dT30 Super (Roche) according
to the manufacturer’s protocol. H. aurantium gonad cDNA
library was constructed in a Uni-ZAP XR vector (Stra-
tagene) with oligo-dT primer as recommended by the
manufacturer. The cDNA library was screened using DIG-
labeled ZP domain region of HrVC120 as a probe, and the
nucleotide sequence of the obtained cDNA clone was
determined. The phylogenetic relationships of the EGF-like
domain protein sequences were deduced by the neighbor-
joining method using the PHYLIP program package
(Felsenstein, 1993).
Northern blot analysis
Total RNA (20 Ag) extracted from gonad, hepatopan-
creas, heart, intestine, branchial basket, muscle, and neural
ganglion was electrophoresed on a 1% agarose gel. North-
ern blot analysis was carried out as described previously
(Sawada et al., 2002), using a cDNA of HaVC80 region
labeled with 32P as a probe.
Analysis of HaVC80 polymorphism
HaVC80 cDNAs from five individuals were amplified
from total RNA by RT-PCR using a pair of primers,
HaVC80-forward primer (5V-CGGAATAGCCTTGTGTTA-
3V) and HaVC80-reverse primer (5V-ATCTTCGCAAAT-
CGCAGC-3V), which correspond to the N-terminal and
C-terminal regions in EGF-like repeats of HaVC80 respec-
tively, with LA-Taq DNA polymerase (Takara). Amplified
HaVC80 cDNA was subcloned into the p-GEM T Easy
Vector (Promega). The nucleotide sequence of mRNA from
two alleles in each individual was determined by sequencing
the subcloned cDNAs and the allelism was confirmed by
directly sequencing the RT-PCR products.
The 10 sequences from five individuals and an original
sequence of the library clone were used for the positive
selection test. The phylogeny of the sequences was
estimated by the neighbor-jointing method using the
PHYLIP program DNADIST. Likelihood ratio tests were
used to determine whether any codon positions were
subjected to positive Darwinian selection as indicated by a
dN/dS (amino acid replacement changes/amino acid silent
changes) ratio >1. Log likelihood of the model M7 (null
model), which assumes that dN/dS values follow a beta
distribution constrained between 0 and 1, was calculated
and compared to that of the model M8 (positive selection
model), which allows for an additional category of sites with
dN/dS >1. Because M7 is a nested subset of M8, the
negative of twice the log likelihood difference between
these two models was compared with the v2 distribution
with two degrees of freedom. Once presence of sites under
positive selection was supported by the likelihood ratio test,
the Bayes empirical Bayes (BEB) calculation of posterior
probabilities was used to determine whether each site is
subjected to positive selection. Sites with a high probabilityof coming from the category with dN/dS >1 are likely to be
under positive selection. All analyses were performed by the
PAML program CODEML (Nielsen and Yang, 1998; Yang,
2000).
Genomic DNA analysis of HaVC130
The H. aurantium genomic DNAwas extracted from the
ovary using IsoplantII (Wako) according to the manufac-
turer’s protocol, and was digested with EcoRI. The
digested genomic DNA was cloned into Lambda ZAP II
predigested EcoRI/CIAP-treated vector kit (Stratagene) and
screened probing with the DIG-labeled DNA fragment that
corresponds to His-334–Gly-555. Screening was carried
out according to the manufacturer’s protocol. 5V- and 3V-
sequences of HaVC130 genomic DNA, which were not
identified by screening, were amplified by PCR using a set
of primers (5V-AATTTCGCTCCGGAATAGCCTTGT-3V
and 5V-GGTCGCCACTATAACCAGAAATGC-3V, and 5V-
GGAGCTGCGATTTGCGAAGATTAC-3V and 5V-AATA-
TATTTGATATATCATACCGC-3V).Results and discussion
Spawning season and mode of fertilization in H. aurantium
Adult H. aurantium (Ha) were collected in Nemuro Strait
near Notsuke Peninsula of Hokkaido, Japan, from April to
October in 1999 and 2000. By examining gonad size and the
amount of sperm and oocytes per gonad, the peak spawning
season was mid-October. Morphological features of the
gametes were very similar to those of H. roretzi, except that
the Ha eggs are more transparent. Expansion of the
perivitelline space and first cleavage occurred at 13-C
within 30–60 min and 2 h after insemination.
Identification of the HrVC70 homolog in H. aurantium
In H. roretzi the self-sterile mature oocytes become self-
fertile after a brief treatment with acidic seawater and self-
fertile immature oocytes become self-sterile during oocyte
maturation (Fuke and Numakunai, 1996; Fuke and Numa-
kunai, 1999). To examine whether these phenomena are also
observed in Ha, we first treated Ha eggs with mildly acidic
(pH 2–3) seawater for 1 min. Whereas intact eggs showed a
strict self-sterility, acid-treated eggs were found to be self-
fertile, similarly to H. roretzi (Figs. 1A, B). In addition, Ha
mature oocytes were strictly self-sterile, but the immature
oocytes were self-fertile as in the case of H. roretzi (data not
shown). From these results, we assumed that a candidate
allorecognition molecule may be attached to the vitelline
coat during oocyte maturation and that it is detached by
weak acid treatment.
To search for a candidate allorecognition molecule from
Ha eggs, we compared the SDS-PAGE pattern of the
Fig. 1. An 80-kDa vitelline-coat protein in H. aurantium (HaVC80) appears to be responsible for self-sterility. (A) Intact eggs of H. roretzi and H. aurantium
were inseminated with self or nonself sperm of the same species (closed column, self sperm; open column, nonself sperm) as described previously (Hoshi et al.,
1981; Sawada et al., 1982). (B) Eggs of H. roretzi and H. aurantium were treated with acidic seawater (pH 2) for 1 min, washed back into buffered seawater
(pH 8.0), and then inseminated with self or nonself sperm of the same species. Fertilized eggs were incubated at 13-C for 2 h, and the fertilization ratio was
determined by counting the number of cleaved eggs by light microscopy. (C) Vitelline coats (VC) were isolated from immature and mature oocytes and an
equal settled volume of VCs were solubilized by SDS sample buffer and subjected to SDS-PAGE. Protein bands were stained with Coomassie Brilliant Blue R-
250. (D) The isolated vitelline coats from mature oocytes were pretreated with 20 mM Tris/HCl (pH 8.0) or 5 mM HCl for 1 min, and then centrifuged.
Supernatant (Sup) and precipitate (Ppt) fractions were subjected to SDS-PAGE.
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immature oocytes. Interestingly, an 80-kDa main component
in the vitelline coat of mature oocytes was not observed in
the vitelline coat of immature oocytes (Fig. 1C), suggesting
that this molecule is attached to the vitelline coat during
oocyte maturation. In addition, this component could be
extracted by a short treatment with mild acid (5 mM HCl),
albeit to a lesser extent (Fig. 1D). Since the abovementioned
behavior of the Ha 80-kDa component was very similar to
that of HrVC70, we determined its N-terminal amino acid
sequence. The sequence was VTNYXTTNPNPXING-
GAXVD, which was very similar to the N-terminal
sequence (VANYCTTNPNPCINGGACVD) of HrVC70.
From these results, we assumed that the 80-kDa vitelline-
coat protein in Ha is a homolog of HrVC70, and it was
designated HaVC80.
It seems plausible that HaVC80 is a candidate allo-
recognition molecule in sperm–egg interaction of Ha as is
the case for HrVC70. The treatment with 5 mM HCl must
be insufficient to remove HaVC80 from the isolatedvitelline coats, but partial detachment of HaVC80 from
the vitelline coat might be sufficient to allow self-fertiliza-
tion. These results are not at variance with our previous
finding that the immature oocytes of H. roretzi are self-
fertile even in the presence of substantial amounts of
HrVC70 attached to the vitelline coats (Sawada et al., 2004).
cDNA cloning of the HaVC80 precursor HaVC130
Since the HrVC70 protein appears to be synthesized as
the precursor protein HrVC120 (Sawada et al., 2002), it is
likely that HaVC80 is also expressed in a precursor form.
By using a DNA fragment encoding an H. roretzi ZP
domain as a probe, we isolated a cDNA clone of the putative
HaVC80 precursor protein from an Ha gonad cDNA library.
The isolated cDNA clone consisted of 3726 nucleotides,
encoding an open reading frame of 1208 amino acids
(DDBJ/GenBank accession no. AB188531). The N-terminal
20 residues of the isolated HaVC80 protein were identical to
the deduced amino acid sequence (from Val-21 to Asp-40)
Fig. 2. The deduced amino acid sequence of HaVC130. The isolated HaVC130 clone (DDBJ/GenBank accession no. AB188531) from the H. aurantium
cDNA ovary library has a single open reading frame, which encodes 1208 amino acids. An open box indicates a signal peptide. The deduced amino acid
sequence matching the N-terminal sequence of the purified HaVC80 is underlined. The putative O-fucosylation Ser residues are indicated by circles. The five
potential N-linked glycosylation sites are shown with squares. The shaded region corresponds to HaVC80, the C-terminus of which is thought by homology to
be the processing site of HrVC120.
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terminal signal peptide, 14 EGF-like repeats, a ZP domain, a
furin cleavage site, and a transmembrane domain in the C-
terminal region (Figs. 2 and 3).
Each EGF domain in human Notch 1 is made up of a
single a-helix and 4 anti-parallel h-sheets (Hambleton et al.,
2004). A three-dimensional structure of a three-domain
construct containing EGF domains 11–13 of human NotchFig. 3. Amino acid sequence alignment between HaVC130 and HrVC120 by CLU
domain (closed bar), a furin cleavage site (RKKR), and a transmembrane domain (
like repeats region are conserved in the two species, which are indicated by bou
identity (83.4%) to HrVC120 and that HaVC130 has fourteen EGF-like repeats wh
identical amino acid residues. Double and single dots represent the ‘‘strong’’ (sco
details, see Kodama et al. (2001). Arrow at Arg-715 (Ha) and Arg-668 (Hr) mar1 is also known (Hambleton et al., 2004). These data,
however, were not useful for threading the HaVC80 EGF
repeats to obtain a putative 3D-structure because the regions
between the third and fourth Cys residue in each EGF-like
domain and the domain-connecting regions are significantly
longer than those of Notch proteins. Concerning the
carbohydrate moiety, there are five potential O-fucosylation
sites (Harris et al., 1993) in EGF-like domains in HaVC80STALW. A signal peptide (open bar), EGF-like repeats (shaded bar), a ZP
closed bar) were indicated in the figure. Exon/intron boundaries in the EGF-
ndaries between the shaded bars. Note that HaVC130 shows high percent
ile HrVC120 has thirteen EGF-like repeats. Asterisks indicate the position of
re of Gonnet Pam250, >0.5) and ‘‘weak’’ (0.5) consensus positions. For
ks the proteolytic processing site.
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2004). In addition, there are five potential N-linked
glycosylation sites in the C-terminal side of HaVC130,
but not in the HaVC80 region (see Fig. 2). Northern blot
analysis showed that there was much greater expression of
the 3.7-kb HaVC130 mRNA in the ovary relative to
expression in other organs such as hepatopancreas, heart,
intestine, branchial basket, muscle, and neural ganglion
(data not shown).
HaVC130 protein is 83.4% identical in amino acid
sequence to HrVC120 (see Fig. 3). The distinctive feature of
HaVC130 is that it incorporates fourteen EGF-like repeats
(one repeat larger than HrVC120). Close inspection
revealed that duplication of the 8th EGF-like domain in
H. roretzi into the 8th and 9th EGF-like domains in H.
aurantium might have occurred during evolution (Figs. 3
and 4). By sequence analogy around the processing site
(Arg-668) of HrVC120, it is most likely that HaVC130 is
processed at Arg-715 by a trypsin-like protease (arrow Fig.
3). This Arg residue and adjacent amino acid residues are
highly conserved between HrVC120 and HaVC130, impli-
cating similar proteolytic processing occurs in both species
during oocyte maturation. The molecular masses of
HaVC80 and HaVC130 were calculated to be 76,529 Da
and 130,260 Da, unless glycosylation or other posttransla-
tional modification occurs. Since the estimated molecular
mass of HaVC80 by SDS-PAGE appears to be higher than
the calculated molecular mass, and also four Ser/Thr
residues among five potential O-fucosylation sites (Harris
et al., 1993) of HrVC70 were found to be fucosylated by
LC/MS analysis (Sawada et al., in preparation), HaVC80
may also contain a carbohydrate moiety.
Polymorphism of HaVC80 among different individuals
We previously reported that there are no identical
sequences in HrVC70 among different individuals (SawadaFig. 4. The eighth EGF-like domain of HrVC120/HrVC70 appears to be duplica
Horizontal orange lines show a signal peptide, and vertical lines show a TGA st
duplicated domains (EGF-8 of HrVC120, EGF-8 and -9 of HaVC130) and blue e
transmembrane domains. (B) Amino acid sequences of the duplicated domains (E
domain 8) of HrVC70.et al., 2004). Furthermore, we have already shown that the
amino acid replacements were restricted to the site between
the third and fourth Cys residues in EGF-like repeats, and in
the site of the connecting region of each domain, that is, a
region between the sixth Cys residue of a certain EGF
domain and the first Cys residue of the next EGF domain in
HrVC70 (Sawada et al., 2004).
If HaVC80 is involved in self/nonself recognition in
gamete interaction of H. aurantium, it is inferred that a
protein sequence of HaVC80 must be different between
individuals. To address this issue, the nucleotide and
deduced amino acid sequences of HaVC80 cDNAs were
investigated among five individuals by amplifying the full
length of HaVC80 by RT-PCR, followed by subcloning into
a TA cloning vector. Amino acid replacements in HaVC80
were detected in the site between the third and fourth Cys
residues in each EGF-like domain, and in the site of
connecting regions between each EGF-like repeat as is the
case for HrVC70 (Fig. 5). The amino acid substitution was
also observed in the site between the first and second Cys
residues, which appears to be predominant in Ha but not in
H. roretzi (Fig. 5).
It has been reported that genes that are involved in
gamete recognition diverge rapidly often as a result of
adaptive evolution (positive Darwinian selection) (Swanson
and Vacquier, 1998). To investigate whether the above-
mentioned substitutions are promoted by positive selection,
dN/dS (amino acid replacement changes/amino acid silent
changes) ratio were analyzed by the maximum likelihood
method using the PAML program (Nielsen and Yang, 1998;
Yang, 2000). We first performed a likelihood ratio test,
comparing the model M7 (null model) and M8 (positive
selection model). The negative of twice the log likelihood
difference between these two models (M7–M8) was 26.32,
which was greater than v21% with two degrees of freedom
(9.21). This means the model M8 provides a significantly
greater fit than M7, and indicates that HrVC80 is subjectedted in the eighth and ninth EGF-like domains of HaVC130/HaVC80. (A)
op codon. The ellipses show the EGF-like domains; orange ellipses show
llipses show other domains. The yellow and pink squares indicate ZP and
GF-8 and -9 of HaVC130) are compared with the cognate region (EGF-like
Fig. 5. Polymorphism of HaVC80 among different individuals and sites under positive selection. The left panel indicates the amino acid substitution site. Note
that amino acid replacements occur in the region between the 3rd and 4th Cys residues, the connecting region between EGF-like repeats, and the region
between the 1st and 2nd Cys residues. Bars indicate the boundaries of exon/intron and EGF-like domains. The right panel summarizes the polymorphisms
observed in five individuals (A to E). There are two allelic nucleotide sequences (a and b) in each individual. Red and gray boxes indicate nonsynonymous and
synonymous substitutions, respectively. For example, V27I (g139a) indicates nonsynonymous substitution from Val-27 to Ile-27, which is derived from a G-to-
A transition at nucleotide position 139. The N-terminal Val of HaVC80 is defined as position 1. The nucleotide position is indicated as the nucleotide number
of HaVC130 cDNA sequence (accession no. AB188531). Sites predicted to be under positive selection shown in Table 1 are marked by color in the column of
‘‘Substitution’’: posterior probability > 0.99, cyan; 0.99 > posterior probability > 0.95, pink.
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selection, we performed the Bayes empirical Bayes calcu-
lation. This analysis predicted that eight sites are likely to be
under diversifying selection with more than 95% posterior
probability (Table 1).
It is well known that a single amino acid substitution in
an EGF-like repeat-containing molecule such as Notch and
Delta proteins (Artavanis-Tsakonas et al., 1995; Joutel et al.,1996) is sufficient to affect the intermolecular recognition
(Artavanis-Tsakonas et al., 1995), which was supported by
the fact that a single amino acid substitution in Notch Delta
protein occasionally causes Notch signaling diseases such as
CADASIL (Joutel et al., 1996). Therefore, we propose that a
single, or a few, amino acid substitutions in HaVC80 might
be sufficient to cause a drastic change in sperm–egg
interaction.
Table 1
Sites predicted to be under positive selection
Posterior
probability
Mean dN/dS
(TSE)
Ile-278 0.974 8.565 T 1.925
Gln-373 0.985 8.657 T 1.732
Ile-403 0.975 8.579 T 1.899
Ala-490 0.978 8.605 T 1.845
Ser-530 0.973 8.562 T 1.932
Pro-543 0.999 8.764 T 1.456
Val-584 0.976 8.583 T 1.890
Ile-590 0.999 8.763 T 1.459
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as revealed by genomic DNA cloning
The present paper demonstrates for the first time that Ha
possesses a homolog of HrVC70 in its vitelline coat. The
basic structure of HaVC80 is very similar to that of HrVC70
and the polymorphic regions are also very similar betweenFig. 6. Exon/intron organization of HaVC130 and evolutional relationships among
exon/intron organization of HaVC130 (genomic DNA clone of HaVC130; accessio
and size of each exon/intron of HaVCV130 are compared with those of HrVC120.
sixth Cys domains) of HrVC70 and HaVC80 is shown except for EGF-2 domains, w
EGF-like domain is as follows: for example, Hr01 and Ha01 indicate HrVC70 EG
acid substitutions per residue. Bootstrap values (>70%) were indicated in the branc
HrVC70 appears to be generated by gene duplication of a set of the EGF-5 and -6 b
8 domain to EGF-8 and -9. The cognate regions are shown as the same colors.HaVC80 and HrVC70. However, close inspection reveals
that the nucleotide replacement sites of HaVC80 are not
identical to those of HrVC70 (see Fig. 2 in Sawada et al.,
2004). There are no nucleotide changes at the 4th and 13th
(the last) EGF-like domains in HaVC80, which are also very
similar to HrVC70. These domains may play an important
general role in sperm–egg interaction, rather than allor-
ecognition.
The tandem repeats of EGF-like sequence elements are
generated by domain duplication. In particular, a set of
odd and even-numbered EGF-like domains might be
duplicated during evolution. In Ha, domain duplication
at the 8th EGF-like domain into 8th and 9th EGF-like
domains might have taken place most recently. To test this
hypothesis, we isolated and determined the sequence of a
genomic DNA clone of HaVC130 from the genomic DNA
library of Ha (DDBJ/GenBank accession no. AB206821).
The genomic DNA sequence revealed that HaVC130
genomic DNA consists of 23 exons. The 3rd to 15th exonsexons corresponding to EGF-like domains. (A) Schematic representation of
n no. AB206821). The numbered rectangles indicate the exons. The number
(B) A neighbor-joining tree of EGF domains (regions between the first and
hich are distinctively different from the other domains. Designation of each
F-1 and HaVC80 EGF-1, respectively. A scale bar indicates the 0.1 amino
hing points. (C) Working hypothesis for the evolution of VC70/80 molecule.
y 4 times. HaVC80 appears to be generated by domain duplication of EGF-
Fig. 7. Alignment of EGF-like domains. The sequences of EGF-like
domains 5, 7, and 10 of HaVC80 and of EGF-like domains 6, 8, 9, and 11
of HaVC80 aligned and compared with the cognate sequence of HrVC70.
Abbreviations used are: Ha05–11, EGF-like domains 5–11 of HaVC80;
Hr05–09, EGF-like domains 5–9 of HrVC70. Asterisks denote identity to
the first sequence in each group. Dashes are unconserved amino acid
residues in each group.
S. Ban et al. / Developmental Biology 286 (2005) 440–451 449of HaVC130 genomic DNA correspond to the 1st to 13th
EGF-like domains of HaVC80, as it is the case of
HrVC120 genomic DNA (Fig. 6A). The 3rd to 14th exons
of HrVC120 gene, which correspond to the 1st to 12th
EGF-like domains of HrVC70, were compared with the
3rd to 15th exons of HaVC130 gene, which correspond to
the 1st to 13th EGF-like domains of HaVC80. A neighbor-
joining tree of each EGF-like domain (the region between
the first and sixth Cys residues) showed that each EGF-
like domain can be classified into six groups (see Figs.
6B, C): Group 1 (marked by red), HrVC70-EGF1 and
HaVC80-EGF1; Group 2 (yellow), HrVC70-EGF2 and
HaVC80-EGF2 (this group was not directly compared
with the other EGF domains because of significant dif-
ference in the region between the second and third Cys
residues); Group 3 (orange), HrVC70-EGF3 and HaVC80-
EGF3; Group 4 (light green), HrVC70-EGF4 and
HaVC80-EGF4; Group 5 (cyan), HrVC70-EGF5, 7, 9,
and 11 and HaVC80-EGF5, 7, 10, and 12; Group 6
(purple), HrVC70-EGF6, 8, 10, and 12 and HaVC80-
EGF6, 8, 9, 11, and 13. From these results, it is assumed
that HrVC70 is derived from a putative prototype VC
protein, which contains six EGF-like domains, by multi-
duplication of a set of 5th and 6th domains into a set of
7th and 8th domains, 9th and 10th domains, and 11th and
12th domains of HrVC70. HaVC80 is thought to be
derived from the common ancestor with HrVC70 by
duplication of the 8th EGF-like domain of HrVC70 into
8th and 9th EGF-like domains of HaVC80 (Figs. 6B, C).
Since sperm–egg interaction appears to be markedly
influenced by deletion or insertion of one domain of
EGF-like repeats to a sperm receptor, such as HrVC70,
duplication of one EGF-like domain appears to be critical
for speciation. In this context, our present finding led us to
propose a hypothesis that speciation from a putative and
primitive species to H. roretzi and Ha might be triggered
by duplication of 8th domain of EGF-like repeat in
HrVC70/HaVC80-ancestral protein.
In abalone, a vitelline-envelope receptor for sperm lysin
(VERL) is made up of an N-terminal non-repeat region, 22
repeats of an ¨153 amino acid sequence, a ZP domain, a
furin cleavage site, and a hydrophobic domain resembling a
transmembrane domain (Galindo et al., 2002). This protein
plays a key role in species-specificity during sperm–egg
interaction (Galindo et al., 2002). It was demonstrated that
repeats 3–22 have been subjected to concerted evolution
(Galindo et al., 2002), while repeats 1 and 2 are subjected to
positive Darwinian selection (Galindo et al., 2003). Since the
basic structure of HaVC130 is similar to that of VERL, we
examined whether some domains of HaVC80 are subjected
to concerted evolution as in the case of VERL. A neighbor-
joining tree revealed that EGF-like domains 1–4, 12, and 13
of HaVC80 showed high similarity to the cognate domains
of HrVC70 (see Fig. 6B). In contrast to this, EGF-like
domains 5, 7, and 10 of HaVC80 showed high percent
identity to one another, rather than to the cognate domains ofHrVC70. Similar results were obtained in domains 6, 8, 9,
and 11 of HaVC80. For comparison, sequences of these
EGF-like domains (between the first and sixth Cys residue of
EGF-like repeats) were aligned in Fig. 7. Interestingly, we
noticed that there are few variations among copies of the
repeat units within each species, in spite of substantial
variations between these two species. From these results, it is
inferred that domains 5–11 of HaVC80 and domains 5–10
of HrVC70 may be evolved from an ancestor protein, which
consists of domains 1–4, 12, and 13. Alternatively, domains
5–11 of HaVC80 and domains 5–10 of HrVC70 might be
evolved by concerted evolution, or under the influence of
species-specific constraints.
In sea urchin, sperm bindin receptor EBR1 on the
vitelline envelope was recently identified (Kamei and
Glabe, 2003). This protein belongs to an ADAMTS family,
containing repeats of thrombospondin type 1 domains and
CUB domains (Kamei and Glabe, 2003). It is interesting to
note that the sperm receptors on the egg envelope of marine
invertebrates contain repeat structures of a certain domain.
The repetitive nature of these proteins might allow them to
evolve rapidly and tolerate mutations until the mutations
become advantageous and are fixed in the genome
(Swanson, 2003). In Halocynthia, a sperm ligand for
VC80/70 on the vitelline coat has not been identified.
However, EGF-like repeat-containing molecules on the C.
elegans sperm membrane, such as Spe-9 (Singson et al.,
1998; Putiri et al., 2004), may be a candidate ligand for
HaVC80, since EGF-like repeat-containing molecules,
including Notch and Delta, are known to be involved in
Notch signaling. Identification of the sperm ligands for
HaVC80/HrVC70 is an important issue that remains to be
solved.
S. Ban et al. / Developmental Biology 286 (2005) 440–451450Further studies on the mechanism of self/nonself
recognition by site-directed mutagenesis in these Halocyn-
thia species and other ascidians will shed light on the
mechanism of self-incompatibility in lower chordates,
which is an old and yet-unsolved issue that intrigued the
great developmental biologist, Thomas Hunt Morgan, in the
early part of the last century.Acknowledgments
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